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Abstract
The morphology and performance of thin films that consist of conjugated polymers and
nanoparticles are investigated in this thesis. In the first system, the morphology of the
nanocomposite that consists of low band gap alternating copolymers with a methano-fullerene
are determined by neutron scattering and correlated to their photovoltaic performance as polymer
solar cells. These results show that the conjugated alternating copolymers have high miscibility
relative to other conjugated polymers. The analysis of the scattering data shows that the
morphology of the conjugated polymer-fullerene bulk heterojunction can be described as the
formation of aggregates on two length scales. Important parameters obtained via small angle
neutron scattering including correlation length and volume fraction of the aggregates provide
insight into the photovoltaic efficiency of film. In addition to role of polymer structure on
performance, the impact of post-deposition processing by solvent annealing on the power
conversion efficiency of a organic photovoltaic active layer consisting of a low band gap
polymer and methano-fullerene was also studied. The impact of solvent quality for both the
polymer and fullerene on morphology development in the active layer on the morphology and
performance is studied. The results show the system that is annealed in chlorophenol, which is a
selective solvent for the fullerene showed a maximum increase in photo-efficiency. The diffusion
coefficient of the solvent into these bulk heterojunction was also obtained and optimum time for
solvent annealing was deduced. Finally, the possibility of improving the mechanical and barrier
properties of the hole transport layer in organic photovoltaic cells has been investigated via
addition of clay platelets. The impact of the addition of montmorillonite clay to the conductivity
of thin film consisting of PEDOT:PSS and clay was studied. The optimum loading of clay in
PEDOT:PSS that improves these structural properties, but does not significantly alter electronic
performance is found to be between 5 to 10%. The active layer and hole transporting layer of
organic photovoltaic cells have also been investigated through imaging techniques to more
thoroughly characterize the morphology and structure of the examined conjugated polymer
nanocomposites.
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Chapter 1

Introduction

1.1 Polymer Solar Cells
It is expected that petroleum based fuels such as oil and gas will be depleted substantially
by 2050.[1] Hence, it is crucial to find alternative sources for our energy needs. Solar energy is
freely available but a mechanism is required to harvest it directly. Solar energy is a suitable
target as the energy contained in 1 hour of solar radiation that strike earth is more than our yearly
energy demand.[2] Hence, it is important to develop efficient, cheap and long lasting solar cells to
harness this energy, so that it can substitute fossil fuels. Moreover, solar energy offers a nonpolluting solution relative to other non-renewable sources of energy. Moreover, silicon based
solar cells and other inorganic counterparts have been developed but they don’t compete well
with thermal power plants or oil and gas as an energy alternative because of their high processing
costs.
Instead of inorganic solar cells, low band gap (LBG) polymer-based solar cells have
recently become of interest, as they are cheaper[3] and faster[4-6] to manufacture than inorganic
solar cells using various techniques. Organic solar cells have high optical absorption coefficients
(~105 cm-1),[7] are flexible, and as polymer films can be deposited on flexible substrates.[8]
Moreover, it is estimated that the photovoltaic efficiency of polymer based solar cells can be
increased up to 15%.[9] Despite these promising qualities, polymer solar cells have not yet
become commercially viable because of low power conversion efficiency and poor stability. The
efficiency of these polymeric solar cells depends on the low band gap polymer type, processing
conditions of the solar cell, morphology of the bulk heterojunction active layer and the nature of
the interface between layers among other factors.[10] Hence, it is important to understand how the
morphology of the active layer (photon absorbing layer) and the charge transporting interfacial
layers can be controlled and optimized. The results reported in this thesis are a step towards this
goal.
Figure 1.1 depicts a typical polymeric solar cell with an active layer, a hole transport
layer (PEDOT:PSS), a cathode (aluminum) and an anode (Indium tin oxide, ITO) in a circuit.
1

The active layer is a bulk heterojunction in polymer solar cells that consists of a mixture of an
electron donor and an electron acceptor. In the most promising polymer based solar cells, the
electron donor is a conjugated polymer and the electron acceptor is a functionalized fullerene.
This mixture consist of multiple junctions between the donor and acceptor phases. Some polymer
solar cells, also incorporate an electron transport layer, such as ZnO or TiO2, which may also
improve light absorption. In Figure 1.2, a model for the morphology of the bulk heterojunction is
presented, where two phases are shown with the orange phase representing the conjugated
polymer donor phase and the blue phase represents the acceptor phase. Low band gap conjugated
polymers act as efficient donors of electrons as they will capture photons which excites an
electron, which may dissociate from the polymer to the functionalized fullerene, that often plays
the role of electron acceptor. In Figure 1.3, current generation from photon capture is shown in
an energy band diagram.

+

Aluminum

Active layer
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Figure 1.1. Schematic of a polymeric solar cell.
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Figure 1.2. Schematic of the charge generation in the bulk heterojunction of polymer solar cell.
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Figure 1.3. Schematic of photo-induced charge transport process in a band diagram.
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1.2 Mechanism of current generation and recombination
In a typical polymer solar cell, the process from photons capture to electrons moving in
the external circuit can be imagined in four steps. The first step is photon capture, which leads to
exciton formation. An incident photon with energy that is larger than the band gap of the
polymer will promote an electron from its highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO), forming an exciton, which is a bound electronhole pair. Excitons produced in polymer solar cells have higher binding energy than the thermal
energy available at room temperature to dissociate excitons into charges, and thus require
additional conditions to dissociate. For instance, the quantum efficiency of charge generation in
organic semiconductors is typically in the range of 1%.[11] This low efficiency of exciton
dissociation is due to the low dielectric constant of the polymer compared to exciton dissociation
in inorganic materials. Therefore, the presence of an electron acceptor with high electron affinity
is required to provide a pathway for the exciton to dissociate, i.e. the electron to transfer to the
electron accepting fullerene.
In this process, the ratio of generated excitons to incident photons is defined as the
absorption efficiency, ηA. The second step in the extraction of an electron in an organic solar cell
is the diffusion of the exciton to interface between the donor and acceptor (conjugated polymer
and fullerene). Hence, it is important that the electron-hole pair in an exciton doesn't recombine
before reaching the donor-acceptor interface. As the exciton diffusion length (~(exciton
mobility*exciton lifetime)0.5 ) has been estimated to be around 10 nm,[10] the size of the phase in
an efficient organic solar cell's active layer must be 20 nm or smaller. Intuitively, one way to
reach this limit would be to have a mixture with a low donor amount that will result in smaller
donor domain sizes, which should result in a higher probability of exciton reaching the interface.
However, low amounts of donor in the active layer will also results in a decrease in exciton
generation. Hence, the ratio between donor and acceptor in the organic solar cell must be
optimized, where it has been found that approximately 1:1 wt. ratio of poly(3-hexylthiopehene2,5-diyl) as donor material and methano-fullerene as acceptor material leads to optimized
morphology and photovoltaic efficiency. The efficiency of this step can be quantified by the ratio
of the number of excitons that reach the interface and the number of excitons generated i.e. the
exciton diffusion efficiency, ηED.

4

The third step in the extraction of an electron from an exciton is the dissociation of the
exciton into a free electron and a free hole, which occurs at the biphasic donor-acceptor
interface. The ratio of the number of excitons that dissociate at the interface and the number of
excitons that reach the donor-acceptor interface quantifies the efficiency of this step, and is
defined by ηCS. The final step in this process is the transport of free electrons and holes in the
acceptor and donor phase to the electrodes generating electrical current. Free electrons and holes
transport with the acceptor and donor phases, respectively, with the aid of an internal electric
field that is created by the use of electrodes with different work function. Additionally, free
electrons and free holes may recombine at a donor-acceptor interface before reaching the
electrodes. The ratio of charges that are collected at the electrode to the number of free charges
that are generated quantifies the efficiency of this process and is defined by the charge carrier
collection efficiency, ηCC. The external quantum efficiency, ηEQE, is defined as the ratio of
number of electrons collected by the solar cell to the total number of photons of a given energy
(or wavelength) incident on the solar cell. Mathematically, this is a product of the efficiency of
the four steps in the process
EQE(λ) = ηA(λ) * ηED(λ) * ηCC(λ) * ηCS(λ)

(1.1)

All the four steps involved in current generation is shown in Figure 1.2 and Figure 1.3. In
addition to limited photon capture and energy level mis-alignment, various kinds of
recombination are possible in polymer solar cells leading to further reduction in the power
conversion efficiency. These include the relaxation of excitons that fail to diffuse to an interface,
the recombination of geminate pairs formed at the interface which fail to fully dissociate and the
recombination of dissociated carriers generated by different absorption events (non-geminate
recombination). Non-geminate recombination processes includes the recombination of charges at
the wrong electrode (surface recombination) or in the bulk. These recombination processes may
occur via both the Langevin and Schokley-Reed-Hall mechanisms. Previous results have shown
that from short circuit conditions to maximum power point, geminate recombination dominates
whereas from the maximum power point to open circuit condition (high charge density), nongeminate recombination (bimolecular recombination) losses dominate.[12,

13]

Charge separation

rather than their extraction is suggested as a process to outcompete geminate recombination in a
solar cell.[14] A very good review of charge transport and recombination in polymer based solar
cells can be found in references [15, 16]. Bimolecular recombination will occur during step 4
5

whereas monomolecular recombination will occur at step 2 in Figure 1.2. Both the electron and
hole mobility in the two materials should be high (>10-4 cm2V-1s-1) and balanced to prevent the
build-up of charge.[17]

1.3 Current Voltage Characteristics
Current-voltage measurement is a crucial test to monitor solar cell performance. Typical
characteristics of the current-voltage measurement is shown in Figure 4. In this Figure, the opencircuit voltage, VOC is related to the energy difference between the LUMO level of the acceptor
and the HOMO level of the donor.[11]
VOC =

PCBM
(|EDonor
HOMO |−|ELUMO |)

e

− 0.3V

(1.2)

Hence, it is preferred to have a donor (i.e. conjugated polymer) with a low band gap,
which will increase the absorption of the solar radiation while such a donor polymer will result in
high difference between its HOMO and the LUMO of the acceptor. The short circuit current
density, JSC is equal to the integral of the product of the cell response and the incident solar
spectral irradiance as shown below.
Jsc = q × ∫ ηEQE × S(λ) × dλ

(1.3)

For organic photovoltaics, the maximum electrostatically allowed photocurrent that can be
extracted is given by:
9ε0 εr h 1/4

JSC = q (

8q

)

1/2

G 3/4 V0

[16]

(1.4)

where G is the generation rate of excitons, h is the hole mobility, ε0εr is the dielectric
permittivity of the film and V0 is the compensation voltage. V0 is slightly higher than VOC and
increases as VOC increases. The overall photocurrent is given by
V
kD ( eff )

L
V
kD ( eff )+ kF
L

Jph = eGL (

eVeff

) [coth (

2kT

2kT

)− (

eVeff

[18]

)]

(1.5)

where this equation is the product of three terms: (1) the saturated photocurrent term (eGL), (2)
the probability of charge separation at the donor-acceptor interface (

V
kD ( eff )
L

V
kD ( eff )+ kF

) and (3) the

L

eVeff

2kT

Sokel-Hughes term for charge extraction [coth ( 2kT ) − (eV )]. L is active layer thickness, kD
eff
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is the electric-field dependent rate of charge separation in electron-hole pairs, kF is
recombination rate, and Veff is the effective applied voltage.

Vmax

VOC

V

Pmax
Jmax

JSC
J

Figure 1.4. Illustrative current voltage characteristics of an organic solar cell.

In polymer based solar cells, an increase in the interfacial surface area between the
polymer and fullerene increases the area available for exciton dissociation, which, in turn, leads
to higher current. Another important characteristic of the solar cell that can be extracted from
the current-voltage curve is the Fill factor, which is the ratio of Vmax*Jmax defined by the
maximum power point, Pmax and the product of open circuit voltage and short circuit current,
VOC*JSC. It has been found that close  interplanar spacing and polymeric arrangement at the
electrode surface where with  face of the polymer lying flat on the electrode results in higher
fill factor.[19]
The power conversion efficiency, η of a given organic solar cell is this defined as:
η = ((JSC ∗ VOC ∗ FF)/Pin ) ∗ 100

(1.6)

VOC may be limited by the fullerene bandgap and non-fullerene acceptor materials are
under development to achieve voltages beyond 1 V. For conjugated polymer-fullerene active
7

layers, the voltage cannot be raised above ~1 V because of insufficient driving force for hole
transfer leading to increased recombination of excitons on the fullerene. It has been found that
when ISC rises, VOC decreases. Hence, it is important to target an optimized system with high
VOC, high ISC and FF to get high power conversion efficiency.[16]

1.4 Bulk Heterojunction (BHJ) Active Layers
The active layer is an important aspect in any solar cell, as this is where photon
absorption creates an electron. Most polymer based solar cells are based on the bulk
heterojunction concept, where a bulk heterojunction is a mixture of donor acceptor materials
with randomly distributed interfaces (“heterojunctions”) throughout the film. The photovoltaic
performance of an active layer based on a bulk heterojunction can be improved by using
conjugated polymer with an optimized band gap and energy level alignment[11,

20]

with the

acceptor to increase photon capture and open circuit voltage. The performance of the BHJ may
also be improved by increasing the miscibility of donor and acceptor[21,

22]

as the increased

miscibility will increase the interfacial area between the two phases to increase exciton
dissociation. An ideal donor polymer in a BHJ should have a high extinction coefficient and high
hole mobility.
The morphology of the donor-acceptor bulk heterojunction also plays a key role in its
efficiency. More interfaces between donor and acceptor phases results in an increase in charge
generation. Therefore, an ideal morphology of BHJ devices has been historically imagined as a
nanoscale phase separated structure with domains that are less than the width of exciton diffusion
length (~ 20 nm) that are interconnected with similar acceptor domains to provide percolation
pathways for electron and hole transport.[23, 24] However, it has been found that the morphology
of bulk heterojunction is not as simple as this model. There appear to exist at least three phases,
which consist of an amorphous mixed polymer phase that contains fullerene (miscible phase), a
pure fullerene phase and pure crystalline polymer phase.[25-27] Higher ordering of the polymer
via  stacking results in an increase in hole mobility. Hence, higher polymer crystallinity is
desirable. However, highly crystalline polymers are difficult to process and PCBM will be less
miscible in such polymers. Hence, a balance between PCBM miscibility, polymer crystallinity
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and continuous pathways is needed to create a morphology that can perform efficiently as an
organic photovoltaic active layer.
The formation of this morphology often requires physical processing of BHJ post film
deposition, as this processing can guide its morphology,[28,

29]

control the aggregation of the

donor and acceptor molecules[30, 31] and induce crystallinity in the polymer.[32] The active layer
morphology can be modulated by varying the monomer structure by altering the characteristics
of the backbone or side chains,[11, 33] by varying the solvent from which the film is deposited,[34,
35]

by using appropriate solvent additives in the solution prior to deposition,[36] by changing the

ratio of polymer and fullerene,[37,

38]

or treatment of the film after deposition. Post deposition

treatments include thermal annealing[27] and solvent annealing[36,

38,

39]

. Connecting

morphological parameters of the bulk heterojunction, such as the surface to volume ratio, domain
size, polymer crystallinity, domain size and composition to overall photovoltaic characteristics of
the organic solar cell is important to guide the synthesis of novel polymer and improve the
processing of BHJ active layers to ensure better physical and chemical behavior of the resultant
solar cell. The optimum nanoscale morphology of the active layer must be a balance between a
large interfacial area and continuous pathways available for charge transport.[24]

1.5 Materials
Donor materials: Among polyalkenes, polyacetylene is a conjugated polymer with a low band
gap (1.5 eV), though aromatic conjugated polymers are more popular as they tend to be more
easily processed. It has been seen that in polyacetylene, the band gap decreases with a decrease
in bond length whereas in aromatic conjugated polymers, band gap decreases as quinoid
character increases.[40] In aromatic conjugated polymers, thiophene and benzene are the most
common aromatic donor units. The thiophene unit has a higher electron donating ability than
benzene, and more delocalization and planarity compared to the benzene unit.[41] Combination of
the thiophene unit, the benzene unit and an electron withdrawing or electron donating group on
the same polymer chain can provide a mechanism to control the electron rich or electron poor
units in the conjugated polymer. Among aromatic conjugated polymers, the alkylthiophenes and
poly(p-phenylene vinylene)s are the most commonly studied systems e.g. Poly(3hexylthiophene-2,5-diyl)

(P3HT),

Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene
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vinylene](MEHPPV), Poly[2-methoxy-5-(3′,7′dimethyl octyloxy) -1,4-phenylene vinylene]
(MDMO-PPV).[16]
Acceptor materials – The most commonly used materials for acceptors are fullerene and its
derivatives. The most common example is [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM), with [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) and indene-C60 bisadduct
(ICBA) as two additional fullerenes that have been studied as electron accepting molecules in
bulk heterojunction active layers.

1.6 Goals and Overview
The motivation behind our research work is to correlate the morphology of thin films
based on conjugated polymer nanocomposites to their performance in photovoltaics and
electrical conduction. The relation between morphology of photovoltaic films based on low band
gap alternating copolymer and their performance is still poorly understood. Moreover, the
change in percolation pathways in thin films consisting of conducting polymer due to varying
clay loading has not been explored. Therefore, next three chapters (Chapters 2, 3 and 4) in this
research work involves projects with following aims.
1. Investigating morphology of thick films based on a mixture of various kinds of low band gap
alternating copolymer and fullerene and correlating structural parameters with the photocurrent
induced.
2. Correlating the development of morphology of thin films based on a specific alternating
copolymer and fullerene due to solvent exposure with photovoltaic performance.
3. Probing the change in resistance of thin conducting film as a result of clay inclusion and
associate it with change in film morphology.
Chapter 2 introduces a morphological model based on available data and predicts
photocurrent generation and interacting forces between alternating copolymer and fullerene.
Chapter 3 measures diffusion coefficient of various solvent vapors in a bulk heterojunction film
and relate it with the photovoltaic performance and structural studies. Finally, chapter 4
introduces a model to explain the electrical behavior of a conducting film as a result of varying
humidity and clay loading which is further corroborated via structural analyses.
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Chapter 2

Correlating the Morphology of Low Band Gap Conjugated Polymer
based Bulk Heterojunctions to Photovoltaic Performance

2.1 Background
Among low band gap (LBG) polymers, push-pull copolymers with alternating electron
rich and electron deficient units have been identified as effective donors in organic photovoltaic
active layers[20]. Coupling the electron rich unit with an electron poor unit reduces the band gap,
where the electron rich unit usually consists of benzene and thiophene units or their combination.
Structural units that compose the conjugated polymer are most often derived from dibenzene and
dithiophene units, and can be categorized into three parts dibenzene bridged units, dithiophene
bridged units and thiophene-benzene fused units. The dibenzene-based monomers are two
benzene units bridged by a carbon, silicon or nitrogen atom as shown in Figure 2.1 and are the
weakest donors.
X
Weak
donor

S
Medium
donor

S

S
X
Strong
donor

S

S

S

S

X = N, C, Si etc.

Figure 2.1. Structural units from which novel low band gap polymers can be derived.
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Due to the electron deficient nature of the benzene unit, they are the weakest donors.
Polymers based on these donor units have low lying HOMO energy levels and hence high VOC.
Similarly, two thiophene units can be bridged to give a donor, as shown in Figure 2.1. Donor
units based on dithiophene units have strong orbital mixings with electron poor unit and produce
push-pull copolymers with higher planarity relative to dibenzene units. Donor-acceptor polymers
based on benzene have poor orbital mixing and hence higher bandgap and low JSC. The reverse is
true for thiophene based polymers. Effective acceptor units in these polymers will contain
electron withdrawing groups such as an imine group -C=N (e.g. benzothiadiazole unit), a
carbonyl group -C=O (e.g. a

thieno[3,4-c]pyrrole-4,6-dione unit). The electron accepting

property of the acceptor units in the polymer can be determined by measuring their LUMO
energy levels, where a lower LUMO level translates to a stronger electron acceptor.[41]
Push-pull conjugated polymers have attracted significant interest as donor materials in
organic photovoltaic active layers as their intrinsic optical and electronic properties can be
readily tuned by controlling the intramolecular charge transfer from the electron rich (or donor)
unit to electron poor unit (acceptor) within the polymer chain. As indicated in Figure 2.2, the
HOMO(LUMO) of the donor (D) unit of the polymer interacts with the HOMO(LUMO) of
acceptor (A) unit of the polymer to generate two new molecular orbitals upon formation of the
covalent bond or molecular orbital hybridization. As a result, the band gap is reduced.[20, 42] The
performance of such polymers in organic solar cell active layers can be further modulated by
varying the monomer structure on the backbone or side chains.[11, 33]

Figure 2.2. Molecular orbital interaction of donor and acceptor units in push-pull conjugated
copolymers.
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Hence, the VOC of the active layer can be modulated by varying the structure of the
conjugated polymer for a given fullerene. However, the JSC varies with the choice of conjugated
polymers and acceptor combination or by tuning the morphology of the resultant BHJ. This is
because tuning the morphology of the BHJ will impact the exciton extraction and hence J SC.
Therefore, a study that correlates the chemical structure of LBG alternating copolymer with the
morphology of its bulk heterojunction with PCBM has been completed, where the results are
described below and correlated to photocurrent generation, where applicable.

2.2 Polymer design and properties
In this project, the morphology of bulk heterojunctions that consist of a series of LBG
polymers with PCBM were examined and their monitored by small angle neutron scattering.
Seven low band gap alternating copolymers have been studied. The monomer units of each
polymer have an electron rich unit, few side chains and may or may not have an electron poor
unit. Therefore, a comparative study of impact of electron rich unit, electron poor unit and side
chain on the resultant BHJ active layer morphology is crucial in understanding the correlation
between conjugated polymer structure, active layer mixing behavior and photovoltaic
performance. As shown in Figure 2.3, the electron rich units used for this study are
benzodithiophene (BDT) and bis-benzothiophene (BBDT). The electron poor units that have
been examined in these low band gap copolymers are cyclopentathiophenedione (CTD),
thienoisoindoledione (TID) and thienopyrroledione (TPD). The side chains that have been used
are ethylhexyl (EH) and a linear dodecane (C12). Each of these units and the polymers made
from them are shown in the Figure 2.3.
Relative to their performance, the Benzodithiophene (BDT) containing polymers have
exhibited high power conversion efficiency in previous studies.[43-46] This has been attributed to
the fact that the BDT has a larger more planar conjugated structure, can readily stack by
formation of π-π bonds, which results in very high mobility.[47] Polymers with the BBDT unit
have high thermal stability and hole mobility.[48] The presence of the TPD unit in the polymer
imparts rigidity to the polymer, but also has improved solubility and open circuit voltage in the
resultant BHJ.[49,

50]

Because of these favorable characteristics, there have been quite a few

studies on the performance of polymer solar cells that contain TPD based polymers.[50-55] The
inclusion of the TID unit in the polymer also imparts good solubility and thermal stability.
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2.2.1 Polymers used for this study

Figure 2.3. Illustration of molecular structure of various low band gap polymers and their
constituent units.
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Polymers made of the monomer consisting of combination of above mentioned donor and/or
acceptor and side chains.

Figure 2.3 continued
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Organic solar cells that are based on conjugated polymers that contain the TID unit
exhibit improved short circuit current and fill factor relative to those that contain the TPD unit,
but these cells usually exhibit lower power conversion efficiency TPD based solar cells, because
of a lower VOC.[56] The CTD moiety has only been identified as a potential donor recently,[57] so
there are fewer studies of these materials. The impact of the presence of the side chain on the
polymer on the performance of the resultant solar is also of interest as the side chain will impact
the solubility of polymer in solvent and its packing behavior in the bulk. This translates to
modification in the electron and hole mobility, and photovoltaic performance of the resultant
active layer.[58-60] A shorter side chain favors higher hole mobility, as it will allow better packing
of the polymer. A branched side chain inhibits π-π stacking, and thus limits the polymeric
ordering that usually translates to improved hole mobility.

2.3 Morphology of the Bulk Heterojunction
Important morphological characteristics of the bulk heterojunction, including domain
size, amount of interphase surface area, and composition of the coexisting phases can be
determined using small angle scattering techniques. X-ray scattering does not provide sufficient
contrast between a conjugated polymer and fullerene to complete a full analysis of the BHJ
morphology, because of similar atomic content of the polymer and the methano-fullerene.
Neutron scattering, on the other hand, provides sufficient contrast between the polymer and
fullerene. The large difference in neutron scattering length density of the hydrocarbon based
polymer and the PCBM stems from the paucity of hydrogen on the fullerene. Hence, small angle
neutron scattering method was used to determine the important morphological characteristics of
bulk heterojunction that consist of low band gap conjugated polymers and PCBM. Other imaging
techniques e.g. Atomic Force Microscopy and Transmission Electron Microscopy have been
used to provide qualitative information about the phase separation[43, 53, 56, 61, 62] in active layers
based on these low band gap polymer, however neutron scattering provides improved resolution
and detail of the phase separated structure of the resultant conjugated polymer-fullerene mixture.

2.4 Experiments
Materials - [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM > 99.5%) was purchased from
Sigma-Aldrich, and seven low band gap alternating copolymers namely P-BDT(EH), P-CTD-
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BDT(EH), P-CTD-BBDT(EH), P-TPD-BDT(EH), P-TID-BDT(EH), P-CTD-BDT(C12) and PCTD-BBDT(C12) were procured from the group of Dr. Nikos Kopidakis, NREL (National
renewable energy laboratory). PCBM and low band gap polymers were mixed in 1:1 ratio by
weight and dissolved in dichloromethane such that the solid composition is ~10 wt %. Solutions
were then deposited dropwise on 11 mm diameter quartz disk windows. This procedure yielded
films that were ~0.7 mm thick on top of quartz windows.
Small angle neutron scattering - The small angle neutron scattering (SANS) patterns of these
samples were obtained on the General purpose SANS instrument at the High Flux Isotope
Reactor at the Oak Ridge National Laboratory. The SANS data for thermally annealed samples
were also obtained on same instrument. The samples were thermally annealed for 20 min at 160
°C. A neutron wavelength of 4.72 Å was used and two sample to detector distances of 1.7 m and
18.5 m were used to provide a q range from 0.00285 up to 0.54 Å-1, where q = (4π sin θ/2)/λ,
where λ is the neutron wavelength and θ is the scattering angle. The raw data were corrected for
scattering from the empty cell, detector dark current, and detector sensitivity. The corrected data
were then normalized to an absolute intensity using a Porasil-A standard. The contribution from
incoherent scattering and thermal density fluctuation was eliminated yielding the absolute
coherent scattering.
Density measurement - The scattering length densities of the LBG alternating copolymers were
determined using the atomic composition of the polymer and their density, [63] which was
measured using pycnometer. The densities of the low band gap polymers were determined using
a gas displacement pycnometer, model 1340 Accupyc pycnometer. The densities of the LBG
alternating copolymers are presented in Table 2.1 along with densities of P3HT and PCBM as
reference.

2.5 Structural Model of BHJ Morphology
The structural model that is used to analyze the SANS data includes PCBM clusters at
both large (meso) length scales as well as at small (nano) length scales, which is illustrated in
Figure 2.4. This model is used as the scattering data itself could not be adequately fit to a model
that contains PCBM clusters on only one of these length scales. The scattering data were thus fit
using two Debye Anderson Bueche (DAB) models,[64, 65] one for each length scale. The large
length scale corresponds to approximately 800-2100 Å, while the small length scale corresponds
19

Table 2.1. Density of various low band gap alternating copolymers used.

Materials

Density (g/cm3)

P3HT

1.1[66]

PCBM

1.5[21]

P-TPD-BDT (EH)

1.502

P-BDT(EH)

1.414

P-CTD-BDT(EH)

1.518

P-CTD-BBDT(EH)

1.447

P-CTD-BDT(C12)

2.075

P-CTD-BBDT(C12)

1.394

P-TID-BDT(EH)

1.574

Figure 2.4. Figure illustrating scaling model that describes the morphology of the low band gap
PCBM active layers. Black dots represent individual PCBM molecule at small length scale
which may combine to form smaller clusters. At large length scale, black network structure
shows PCBM clusters interconnected into large networks.
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to approximately 30-210 Å. At the large length scale, the model consists of 2 phases, where the
dispersed phase consists of a pure PCBM aggregated phase and the continuous phase consists of
a miscible mixture of the conjugated polymer and fullerene. The structural information that is
garnered from the model at small length scales provides information on the dispersion of the
PCBM within the large length scale miscible phase, as illustrated in Figure 2.4.
Fits of the scattering data to the DAB model for the large length scale (low q) is shown in
Figure 2.5, while the fits of the data at small length scales (high q) is shown in Figure 2.6 for the
BHJ with the polymer P-BDT(EH). In both Figures, m1 is the scale factor for the fit, which is
equal to 8π(ΔSLD)2 φ(1 − φ), where φ is the volume fraction of the PCBM aggregate, ΔSLD is
scattering length density contrast between the two phases. Similarly, m2 is the correlation length,
ξ, of the phase separated structure, which is a measure of the average spacing between two
phases. In both Figures 2.5 and 2.6, the scattering curves for the as-cast and thermally annealed
films are present. SANS fits for other low band gap alternating copolymers studied is present in
Appendix (Figure A1 - A12). As can be seen in Figures 2.5 and 2.6, there is very little change in
the structure of the film with annealing, an observation that is true for all of the polymers
studied. As previously mentioned, many low band gap polymers do not exhibit a measurable
glass transition temperature,[67] which means that this thermal annealing protocol does not
provide the BHJ components the required mobility to evolve to a more thermodynamically stable
structure. Therefore, the results of the analysis is only presented for the as cast data.
The volume fraction of PCBM in the miscible phase and the volume fraction of the
PCBM aggregates at both length scales are determined from the fit of the scattering data to the
DAB model. In this analysis, any crystalline polymer that exists is included in the miscible
phases, where this assumption is based on the absence or limited presence of a crystalline peak in
the scattering data. Moreover, the difference between the scattering length density contrast
(ΔSLD) of the crystalline polymer with PCBM to that of the amorphous polymer is only ~
10%[68] because ΔSLD ~ mass density, ρ. Hence, the presence or absence of polymer
crystallinity will only modify the reported results negligibly. The ultimate results of this
assumption is that the actual mixing of PCBM at both length scales will be little less than that
which is reported at both length scales.
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Figure 2.5. Fit of the scattering data of P-BDT (EH) to the DAB model at the global length scale
of the phase separated bulk heterojunction.
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Figure 2.6. Fit of the scattering data of P-BDT (EH) to the DAB model at the local length scale
of the phase separated bulk heterojunction.

2.5.1 Formalism to determine morphology parameters
The formalism to determine the volume fraction of the PCBM aggregates and the volume
fraction of PCBM in the miscible phase at both length scales from the parameters that are
derived from the fitting of the scattering data to the DAB model is described below. In this
analysis, let the volume fraction of PCBM be φ1 at large length scales (low q). Then, the volume
fraction of the miscible phase at this length scale is 1- φ1. Let the volume fraction of PCBM in
the miscible phase at low q be φ1,m. At small length scales (high q), let the volume fraction of
PCBM be φ2. Then, the volume fraction of the miscible phase at this length scale is 1- φ2.
Further, let the volume fraction of PCBM in the miscible phase at small length scales be φ2,m.
With these definitions, and the model shown in Figure 2.4, the volume fraction of the PCBM
aggregates at the small and large length scales, the interfacial area between phases, and the
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volume fraction of PCBM in the mixed phase at both large and small length scales and distance
between PCBM molecules in the miscible phase can be determined from the parameters that
evolve from the fits of the scattering data to the DAB model as explained below.
Mass Balance Equations
1) Mass of PCBM = Mass of polymer (as the weight ratio in the sample is 1:1)
Let the volume of the PCBM aggregates be V1 and the volume of the miscible phase be V2.
Hence,
V1 (ρPCBM ) + V2 (φ1,m )(ρPCBM ) = V2 (1 − φ1,m )(ρpolymer )
Dividing this equation by (V1 + V2 ), we get
φ1 (ρPCBM ) + (1 − φ1 )(φ1,m )(ρPCBM ) = (1 − φ1 )(1 − φ1,m )(ρpolymer )

(2.1)

2) In the model, the mass of PCBM in the miscible phase at low q is equal to the mass of PCBM
that is in the in miscible phase at high q and mass of PCBM aggregates at high q. So,
V2 (φ1,m )(ρPCBM ) + V2 (φ2 )(ρPCBM ) + V2 (1 − φ2 )(φ2,m )(ρPCBM )
Dividing this equation by V2 (ρPCBM ), we get
φ1,m = φ2 + (1 − φ2 )(φ2,m )

(2.2)

Scale Factor Equations
The fitting of the scattering data to the Debye Anderson Brumburger (DAB) model provides a
scale factor, A, that is proportional to the contrast between the two coexisting phases and the
volume fractions of the two phases, as shown in Equation 2.3 and 2.4.[69]
1) At low q,
A = 8π (ΔSLD)2 φ1 (1 − φ1 )

(2.3)

where ΔSLD = SLDPCBM aggregate phase − SLDMixed phase = 4.4 × 10−6 − [(φ1,m )4.4 × 10−6 +
(1 − φ1,m ) SLDpolymer ]
2) Similarly, at high q,
A = 8π(ΔSLD)2 φ2 (1 − φ2 )

(2.4)

where ΔSLD = SLDPCBM aggregate phase − SLDMixed phase = 4.4 × 10−6 − [(φ2,m )4.4 × 10−6 +
(1 − φ2,m ) SLDpolymer ]
Using Equations 2.1, 2.2, 2.3 and 2.4, the parameters that evolve from the fits of the
scattering data to the DAB model can be manipulated to determine the values of φ1, φ2, φ1,m and
φ2,m for the active layers that consist of the 7 LBG alternating copolymers of interest and PCBM.
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The correlation length of each bulk heterojunction is directly obtained from the fit of the
scattering data to the Debye Anderson Brumburger (DAB) two phase model. The two phase
system is characterized by a single length scale, the correlation length, which is a measure of the
average spacing between the phases. For the current system, it correlates to the size of the PCBM
aggregate phase. The DAB model assumes smooth interfaces between two phases. The specific
interfacial area, S/V between the two phases can also be determined from the fit, as it is a
4φ(1 − φ)
⁄ξ.
function of correlation length and the volume fraction of the two phases as S⁄V =
The volume fraction of the PCBM aggregate phase and the correlation lengths at both low (nano)
and large (meso) length scales will be indicative of the ability of the bulk heterojunction to
efficiently allow charge transport. Similarly, the amount of interfacial area between two phases
that exist at both length scales will provide insight into the propensity for this morphology to
allow exciton dissociation into free charge carriers.

2.6 Results and Discussion
The relationship between the structural information that is derived from the analysis of
the scattering data and photovoltaic performance is complex. For instance, the volume fraction of
the PCBM clusters will impact the electron transport of the bulk heterojunction, where a larger
volume fraction will portend better transport. However, it is important to emphasize that the
scattering data do not provide information on connectivity of the phase. Therefore, while it is
expected that a higher volume fraction of PCBM clusters at larger length scales will result in
better electron transport, this correlation is not without complexity.[30] Similarly, at smaller
length scales, a smaller volume fraction of the PCBM clusters is desirable for improved electron
transport, as these clusters are not well connected. Finally, the correlation length provides a
measure of the average domain size of the polymer rich phase and PCBM aggregate phase; this
parameter provides a measure of the electron and hole transport pathway length size.
The interfacial area between the polymer and fullerene is a crucial parameter in the
performance of an organic solar cell active layer as this provides a direct measure of how much
area is available to dissociate excitons and create individual charge carriers. Therefore, a higher
surface area to volume (S/V) ratio is desired at large length scale to enable the dissociation of
excitons. At low length scales, an ideal structural model consists of individual PCBM distributed
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in the miscible phase, to minimize PCBM aggregates at smaller length scale that do not connect
to the larger PCBM aggregates at the large length scale. In this case, these aggregates at small
length scale can serve as charge traps where generated charges will not be able to contribute to
the resultant current and end up being trapped or recombine. Similarly, hole mobility depends on
polymer ordering and backbone planarity. Hence, higher polymer crystallinity is desirable.
Nevertheless, very high polymer crystallinity is undesirable as it will limit the miscibility of
PCBM in the polymer as the PCBM is only miscible in the polymer amorphous phase.
The results based on the fits of the scattering data to the DAB model and the formalism
described earlier are presented in Tables 2.2 to 2.7. Table 2.2 presents the volume fraction of the
PCBM aggregates at large length scale for all the films consisting of PCBM and the LBG
polymer. Clearly, the volume fraction of the PCBM aggregates is very low in the polymers
containing TPD or TID (electron poor) unit, indicating a substantial mixing of PCBM in these
polymers. Table 2.3 shows the correlation length of the two phases at large length scale, where
the correlation length is similar for all the polymers except for P-CTD-BDT(EH). It is interesting
that there is no specific trend in the correlation length with the presence or absence of electron
poor units (CTD, TPD, TID) or structure of the electron rich units (BDT, BBDT) or structure of
the side chains (EH, C12).
Table 2.2. Volume fraction of the PCBM aggregates at the large length scale, φ1 for the 7 low
band gap (LBG) alternating copolymers.

LBG copolymer

φ1 (volume %)

P-CTD-BDT(EH)

19

P-CTD-BBDT(C12)

13.7

P-BDT(EH)

7

P-CTD-BBDT(EH)

6

P-CTD-BDT(C12)

4.2

P-TPD-BDT(EH)

2.4

P-TID-BDT(EH)

1.6
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The surface area to volume ratio at large length scale is calculated from the data that
emerges from fitting the scattering data to DAB model using Equation 2.5.[64]
S
V

=

4φ1 (1−φ1 )
ξ

(2.5)

As stated above, an increase in S/V will improve exciton dissociation, where Table 4 lists this
data for all the polymeric systems based on the data that is tabulated in Table 2.2 and 2.3.
Inspection of Table 2.4 show that in the P-CTD-BBDT(C12)/PCBM based BHJ, exciton
dissociation is 1.5-2 times more probable than the active layers based on P-CTD-BBDT(EH), PCTD-BDT(EH), P-CTD-BDT(C12) or P-BDT(EH). Based on the S/V values, exciton
dissociation is least probable in the BHJ active layers based on P-TPD-BDT(EH) and P-TIDBDT(EH) where their S/V ratios are 4-8 times lower than that of P-CTD-BBDT(C12).
Based on the S/V ratio, it appears that the presence of the electron rich BBDT units in the
LBG alternating copolymer improves the amount of interfacial area between the PCBM
aggregates and the polymer rich phase. When comparing the role of side chain, the results
indicate that the linear C12 side chain offers a morphology with more interfacial area than the
branched EH (ethyl hexyl) as side chains. The presence of the electron poor CTD units in the
LBG alternating copolymer lead to an increase in the interfacial area relative to other electron
poor units (TPD and TID).
Meanwhile, the interfacial area of the BHJ that contains P-TPD-BDT(EH) is 50% higher
than the P-TID-BDT(EH) BHJ. Thus, one would expect that the charge generation is more
efficient in the BHJ that includes P-TPD-BDT(EH) than the one with P-TID-BDT(EH), which
should translate to improved photovoltaic performance. Previous results do in fact indicate that
polymer solar cells consisting of P-TPD-BDT(EH) has higher photocurrent than those that are
based on P-TID-BDT(EH).[56, 70]
The correlation lengths that are reported in Table 2.3 show that this parameter is greater
than 500 Å for all the BHJ systems studied here. As the typical photovoltaic films are a few
hundred nm thick, these correlation lengths should be sufficient to allow efficient charge
transport across the film. In particular, the P-CTD-BDT(EH) based system exhibits the largest
domain sizes, with a correlation length that is more than twice that of the other polymers studied
(Table 2.4). Hence, S/V ratio of P-CTD-BDT(EH) is low even if the volume fraction of large
aggregates is high compared to others (Table 2.2). Similarly, the volume fraction of the PCBM
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Table 2.3. Correlation lengths of the bulk heterojunctions at large length scale, ξ for the 7 LBG
alternating copolymers.

LBG copolymer

ξ (Å)

P-CTD-BDT(EH)

1885

P-BDT(EH)

862

P-CTD-BBDT(C12)

735

P-TID-BDT(EH)

700

P-TPD-BDT(EH)

614

P-CTD-BBDT(EH)

553

P-CTD-BDT(C12)

490

Table 2.4. The surface area to volume ratio at large length scale for the bulk heterojunctions of
the 7 LBG alternating copolymers.

LBG copolymer

S/V (Å-1)

P-CTD-BBDT(C12)

0.00064

P-CTD-BBDT(EH)

0.0004

P-CTD-BDT(C12)

0.00033

P-CTD-BDT(EH)

0.00033

P-BDT(EH)

0.0003

P-TPD-BDT(EH)

0.00015

P-TID-BDT(EH)

8.9E-05
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aggregates in the P-CTD-BBDT(C12) based BHJ system is large but also has a modest
correlation length (~700 Å), which translates to a larger S/V ratio of P-CTD-BBDT(C12). The
volume fraction of PCBM in the mixed phase of the BHJ at large and small length scales are
shown in Tables 2.5 and 2.6 respectively.
The copolymers, (P-TPD-BDT(EH) and P-TID-BDT(EH)), exhibit higher PCBM mixing
relative to that of the other polymers at both length scales, as presented in Tables 2.5 and 2.6.
The volume fraction of PCBM in these polymers is above 45% at large length scale, which is
near maximum mixing possible for these systems. This unique property can be attributed to the
presence of large alkyl side chains on the electron poor unit (TPD or TID), which may provide
poor polymer-polymer packing and enable polymer-fullerene mixing. It is also interesting that
these polymers contain a nitrogen in their structure, as the lone pairs of the nitrogen are known to
form strong non-covalent interactions with carbon nanotubes and fullerenes. Thus, it appears that
the inclusion of the nitrogen atom provides a thermodynamic interaction between the polymer
and fullerene that translates to improved mixing behavior. Based on the volume fraction of
PCBM in the amorphous polymer at the local length scale, the distance between PCBM
molecules, H, that reside individually in the miscible phase can be estimated from Equation 2.6:
H
D

=(

φm 1/3
)
φ

−1

(2.6)

where D is particle diameter (10 Å for C60, 15 Å for PC60BM) and φm is the maximum random
packing fraction of a sphere (~0.64).[63] φ is the volume fraction of PCBM in the miscible phase
at the local length scale, which is denoted as φ2,m earlier. A smaller value of H improves the
possibility of charge transport between fullerenes in the mixed phase, which is required to allow
transport to the PCBM aggregates that connect to the electrodes. Values of H for all the LBG
alternating copolymers is tabulated in table 2.7. As all of these values are between 2 and 4 Å, it is
expected that this charge transport between fullerenes in the miscible phase will be similar for all
systems. It has been seen earlier that H value greater than ~11 Å is detrimental to electron
transport in the amorphous phase.[63]
The low band gap polymers examined here do exhibit small amount of crystallinity,
which can be characterized by the area under the crystal peak that occurs at high q. Please refer
the appendix to see 100 peak for LBG alternating copolymers. There is no 100 peak for PBDT(EH) based on Figure 2.5 and Figure 2.6. The area under this peak is proportional to the
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Table 2.5. The volume fraction of PCBM in the mixed phase at the large length scales for the 7
LBG alternating copolymers.

LBG copolymer

φ1,m (volume%)

P-TID-BDT(EH)

47.5

P-TPD-BDT(EH)

45.9

P-CTD-BDT(C12)

43.1

P-CTD-BBDT(EH)

42.9

P-BDT(EH)

41.6

P-CTD-BBDT(C12)

36.6

P-CTD-BDT(EH)

35.1

Table 2.6. The volume fraction of PCBM in the mixed phase at the small length scale for the 7
LBG alternating copolymers.

LBG copolymer

φ2,m (volume %)

P-TID-BDT(EH)

46.5

P-TPD-BDT(EH)

43

P-BDT(EH)

38.7

P-CTD-BBDT(EH)

38.3

P-CTD-BDT(C12)

37.7

P-CTD-BDT(EH)

33.5

P-CTD-BBDT(C12)

33.4

30

Table 2.7. The average distance between PCBM molecules in the mixed phase at small length
scale for the 7 LBG polymers.

LBG copolymer

H (in Å)

P-CTD-BDT(EH)

3.6

P-CTD-BBDT(C12)

3.6

P-BDT(EH)

2.8

P-CTD-BBDT(EH)

2.5

P-CTD-BDT(C12)

2.5

P-TPD-BDT(EH)

2.1

P-TID-BDT(EH)

1.9

Table 2.8. Area under the crystalline peak for the 7 LBG polymers.

LBG copolymer

Area under peak

P-CTD-BDT(C12)

0.015

P-CTD-BDT(EH)

0.011

P-CTD-BBDT(EH)

0.0071

P-TPD-BDT(EH)

0.0063

P-CTD-BBDT(C12)

0.0049

P-TID-BDT(EH)

0.002

P-BDT(EH)

0
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amount of polymer crystallinity, and this value is reported in Table 2.8. These values provide
insight into the deviation of the calculated PCBM volume fraction value from the actual PCBM
volume fraction in the mixed phase. Clearly, P-CTD-BDT(12) exhibits the maximum amount of
crystallinity, which appears to be the results of the linear side chains to interdigitate as illustrated
in Figure 2.7. These values indicate that the amount of polymer crystallinity in these samples is
quite low, and thus the PCBM volume fraction in the mixed region, reported are accurate. As PCTD-BDT(C12) shows the maximum amount of ordering, this polymer will exhibit the largest
deviation of calculated volume fraction of PCBM in the miscible region.
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Figure 2.7. Illustration of packing of P-CTD-BDT(C12).

2.7 Conclusion
Manipulating the miscibility of PCBM in a low band gap conjugated polymer and its
crystallinity can have a profound impact on the photovoltaic performance of the resultant BHJ as
characterized by the current voltage characteristics (JSC and FF) of conjugated polymer:PCBM
bulk heterojunction OPV active layer. Based on the morphological studies presented here, the
BHJ active layers that are based on P-CTD-BBDT(C12) or P-CTD-BBDT(EH) should exhibit
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improved high current and hence, efficiency as a result of the increased polymer/fullerene
interfacial area. Furthermore, it can be proposed that BHJ containing LBG alternating
copolymers with BBDT as electron rich unit will exhibit higher current than BDT. Similarly, it
can be suggested that BHJ containing LBG alternating copolymers with C12 as side chain will
have higher short circuit current relative to EH. The morphological results also suggest that the
BHJ active layers based on P-TPD-BDT(EH) and P-TID-BDT(EH) will exhibit poorer current
due to a decrease in polymer/fullerene interfacial area. So, it can be said that LBG alternating
copolymers containing nitrogen in the electron poor units (TPD and TID) will have low photocurrent. Volume fraction of PCBM in the mixed region of LBG alternating copolymers and
PCBM is much higher ( > 35 volume %) than other LBG polymers[21] e.g. P3HT (~ 22 volume
%).[71] The distance between PCBM molecules in the miscible phase at the local length scale is
less than 4 Å in all the films, which suggests that that charges generated in this phase will be able
to transport to the continuous PCBM aggregates and allow charge extraction.
Hence, the structural results presented in this study can be correlated to the photovoltaic
performance of these active layers. The results clearly show that the volume fraction of the
PCBM aggregate at both length scales, the correlation length at both length scales, the volume
fraction of PCBM in mixed regions of both length scales and hence overall photovoltaic
performance of the bulk heterojunction films can be controlled by changing specific structure of
the push-pull low band gap polymer. Further control of the morphology may be possible by
further processing, including post deposition solvent annealing or deposition from solvents with
solvent additives. Hence, an interesting future study would be to examine the effect of processing
conditions on morphology and efficiency of films based on these novel polymers.
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Chapter 3
Impact of Solvent Quality on The Morphology and Performance of
Solvent-Annealed Low-Band Gap Bulk Heterojunction OPV Active
Layers
3.1 Background
In addition to chemical structure of LBG alternating copolymer, the morphology of bulk
heterojunction can also be modified by post processing. Various processing modifications have
been applied to improve morphology and properties of polymer based solar cells including
thermal annealing,
[30, 36, 75, 76]

[27, 72, 73]

solvent annealing,

[25, 26, 74]

and solvent additives prior to deposition.

Although the addition of solvent additive to solvent prior to spin coating results in

improved solar cell performance, the morphology of this film immediately after deposition is
locked in and is directed by the film formation process. The fast solvent evaporation that occurs
during spin coating kinetically traps the morphology and blocks the evolution of the morphology
to more thermodynamically stable structures. Therefore, guiding the morphology of film using
post processing techniques such as thermal or solvent annealing provides an additional
mechanism to direct the morphology to a more optimal structure. Thermal annealing is a
common, energy intensive technique. Unfortunately, in most bulk heterojunction systems
consisting of amorphous LBG alternating copolymer and a fullerene, thermal annealing usually
induces a decrease in power conversion efficiency.[76-79] Therefore, solvent annealing, wherein
the BHJ film is exposed to an atmosphere of solvent vapors that can diffuse into the film to allow
it to evolve to a more thermodynamically favorable structure, can be applied to improve device
morphology and hence, efficiency. Moreover, LBG alternating copolymers usually have high
glass transition temperatures (Tg) or no observable Tg[67] and therefore, thermal annealing cannot
induce mobility to the system without degradation. In addition, in thermal annealing, the
structure develops in seconds and hence phase separation and crystallization happens
simultaneously, making it difficult to precisely control the bulk morphology.[80] Solvent
annealing has been found to be a more tunable process to control the morphology of a bulk
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heterojunction due to the different solubilities of each component in the vapor annealing solvent.
Hence, annealing low band gap polymer and PCBM bulk heterojunctions in the vapor of
selective solvents can enable precise control of the morphology.[26] Previous work in our group
[26] examined the change in the morphology an OPV performance of a low band gap conjugate
polymer (PCPDTBT):fullerene BHJ with solvent annealing in solvents with varying solvent
quality for the polymer and fullerene. The three solvents are 2-chlorophenol (CP), bromobenzene
(BB) and o-dichlorobenzene (ODCB), where CP is selective to PCBM, BB is selective to
PCPDTBT and ODCB is a mutual solvent for both components. Figure 3.1 shows the chemical
structure of PCPDTBT, CP, BB and ODCB. Table 3.1 shows solubility of PCPDTBT and
PCBM in CP, BB and ODCB. These results showed that annealing the BHJ in the CP vapor
provided the greatest performance improvement, while the BHJ that was annealed in BB showed
no change in OPV performance. These performance characteristics were also correlated to the
morphology of the OPV active layer as determined by neutron scattering. The films in this
previous study were annealed for 4 hours. In order to understand the evolution of the structure
and performance with solvent annealing time, the current study correlates the solvent vapor
diffusion into the film to the changes in film morphology and evolution of photovoltaic
performance with solvent annealing time.

Figure 3.1.(a). Image showing the chemical structure of PCPDTBT.

ODCB

2-CP

BB

Figure 3.1.(b). Image showing chemical structure of solvents used for solvent annealing.
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Table 3.1. Solubility of PCPDTBT and PCBM in the solvents studied.

Solvents
1 - Bromobenzene (BB)
1,2 - Dichlorobenzene (ODCB)
2 - Chlorophenol (CP)

Solubility (mg/ml)
PCPDTBT

PCBM

89
21
0.2

33
36
128

[26]

3.2 Measurement of Solvent Vapor Diffusion into the OPV Active layer
Diffusion is the process by which matter is transported from one part of a system to
another as a result of random molecular motion, which is driven by a concentration gradient. The
diffusion coefficient or diffusivity, is a proportionality constant between the molar flux due to
molecular diffusion and the gradient in the concentration of the diffusing species. Fick's first and
second law of diffusion describes the diffusion process.
Fick's first law : F = −D ×

∂C
∂x

(3.1)

In Fick’s first law, F is the rate of transfer per unit area of cross-section, C is the concentration of
diffusing substance, x the space coordinate measured normal to the cross-section, and D is the
diffusion coefficient.
Fick's second law :

∂C
∂t

=D×

∂2 C
∂x2

(3.2)

Fick’s second law is applicable if diffusion is one-dimensional i.e. if there is a gradient of
concentration only along the x-axis and D is independent of the concentration of the diffusing
species. t in equation 3.2 is time.
The diffusion coefficient of the solvent vapor into the BHJ film during solvent annealing
determines the solvent absorption rate. There are generally two methods to measure the
diffusivity of a gas into a solid, i.e., the time lag method and the t1/2 method. The first method is
applicable in steady state, while the second one can be applied to the transient diffusion of the
small molecule into a flat film by absorption.
Based on a model of a flat film placed in a solvent vapor environment, where only one
surface of the film can absorb vapor, an equation relating total weight % increase of the film as a
function of time is given by [81].
36

Mt
M

=1−

D(2n+1)2 π2 t
8
[−
]
n=

l2
∑n=0
e
2
2
(2n+1) π

(3.3)

where Mt is the weight increase at time t, MN is total weight increase, and l is the film thickness.
For Mt/MN < 0.6, i.e. at the initial stage of the sorption process, the above equation can be
further simplified to
Mt
M∞

16D 1/2 1/2

= ( 2)
πl

t

(3.4)

During the solvent uptake process, the film thickness increases due to swelling.
Therefore, a calibration equation can be applied to account for this swelling as described in
Equation 3.5.
DBA = Dv (1 − R v )2

(3.5)

In Equation 3.5, 𝐷𝐴𝐵 is the diffusivity under fixed film thickness, 𝐷𝑣 is the diffusivity with
swelling, and 𝑅𝑣 is the volume fraction of the vapor in the film.

3.3 Experiments
Materials - PCBM was purchased from Nano-C, and PCPDTBT (Poly [2,6-(4,4-bis-(2ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b'] dithiophene)-alt-4,7 (2,1,3-benzothiadiazole)]) (MW =
41K, PDI = 2.3) was purchased from 1-Materials. Both are used without further purification. To
fabricate the PCPDTBT/PCBM films, PCPDTBT (7mg/ml) and PCBM (14 mg/ml) were
dissolved in o-dichlorobenzene (ODCB). Prior to spin coating, the silicon wafers were cleaned
by immersion in a 3:1 (v/v) mixture of concentrated sulfuric acid and 30%(v/v) hydrogen
peroxide, heated to ~70°C for >2 hours, and rinsed with copious amounts of high purity water
and dried under a stream of nitrogen. The photovoltaic active layer PCPDTBT:PCBM mixture
was fabricated by spin casting a thin film from the PCPDTBT/PCBM solution at 800 rpm for 5s,
followed by 300 rpm for 5 min. Solvent annealing of the film was carried out in an upright
column containing a reservoir of the solvent at the bottom. Three solvents bromobenzene (BB),
1,2-dichlorobenzene (ODCB), and 2-chlorophenol (CP) were used in this work.
UV-Vis spectroscopy - (UV-Vis) spectra were recorded with a Thermo Scientific
Evolution 600 UV-Vis spectrophotometer in the wavelength range of 300-900 nm.
Energy Filtered - Transmission Electron Microscopy - Energy filtered - transmission
electron microscopy (EF-TEM) was completed on a Zeiss Libra 200 MC by Halie Martin, a
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graduate student with experience in EF-TEM in our lab. The experiment allows the
discrimination of the polymer from the fullerene because the two components absorb electrons at
different energies. Thus, the energy of the electrons that impinged on the sample were filtered to
bands that were 8 eV in width. PCPDTBT absorbs at approximately 21-22 eV, a center energy of
19 eV with a range of kinetic energy between 15-23 eV was used to monitor the presence of
PCPDTBT in the film. Similarly, the PCBM domains absorb around 26 eV, electrons with
kinetic energies centered at 30 eV was used to image PCBM domains. These samples were
prepared by spin coating PEDOT:PSS on a surface at 2000 rpm for 60s. Then, this film was
heated at 120°C for 20 min. Then, a PCPDTBT:PCBM solution was spin coated at 4000 rpm for
30s on the top of PEDOT:PSS layer. To prepare the PCPDTBT:PCBM solution for spin coating,
~7 mg of PCPDTBT, ~14 mg of PCBM and ~1 ml of ODCB was used. The resultant
PCPDTBT:PCBM layer was float coated on a carbon grid for EF-TEM evaluation.
Photovoltaic device fabrication and characterization - Indium tin oxide (ITO) glass
substrates were first washed with detergent and then cleaned in an ultrasonic bath using DI
water, acetone and isopropyl alcohol (IPA). The cleaned substrates were subsequently treated
with UV ozone for 20 minutes. Filtered PEDOT:PSS (Baytron P4083) was spin cast on the UVtreated ITO glass at 4000 rpm for 40s. After baking the PEDOT:PSS films in air at 140 °C for 20
min, the active layer was spin cast at the same condition as above. Solvent annealing of the
active layers were carried out at the same conditions as described earlier for 0.5 hr, 1 hr, 2 hr, 5
hr and 10 hr for solvent ODCB and 2-CP. After solvent annealing, the film was vacuum heated
at 60°C for 10 min to ensure that there is no solvent left in the film. Finally, to create the OPV
device, 40 nm of Ca and 60 nm of Al were thermally deposited on the film through a shadow
mask. Current-voltage (I-V) characterization of the polymer photovoltaic cells was conducted
using a Thermal Oriel 96000 300-W solar simulator under the illumination of AM 1.5G, 100
mW/cm2. The device fabrication and characterization experiments were conducted by members
of Prof. Bin Hu’s laboratory.
Solvent annealing - In the solvent annealing process, solvent is added to the bottom of a
100 cm long vertical column and allowed to equilibrate for 6 hours, as shown in Figure 3.2. This
forms a linear vapor pressure gradient along the length of the column. In this column, the solvent
vapor pressure is zero at the top of the column and 100 cm down from the top represents 100%
solvent vapor pressure. The amount of solvent vapor that the PCPDTBT/PCBM film is exposed
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to is thus determined by the amount of time that the sample is in the column as well as the height
at which sample resides. The samples in this study were left at a height that is 90% down the
column i.e. they were exposed to 90% solvent vapor pressure.

Figure 3.2. Schematic of solvent annealing apparatus.
Diffusivity measurement – To monitor the diffusion of the solvent vapor into the BHJ film, glass
wafers of ~ 1cm2 were cut. Solutions of PCPDTBT:PCBM in chloroform were prepared by
mixing 22 mg of PCPDTBT and 44 mg of PCBM in ~2 ml of chloroform. The solution was the
heated overnight at ~50°C to ensure that the PCPDTBT and PCBM are completely dissolved.
Subsequently, the solution was drop cast on glass wafer to make thick films. The films were
vacuum dried overnight before solvent annealing for various time intervals. Same sample was
used for solvent annealing purpose for various time intervals. Hence, after weighing the solvent
annealed sample, it was vacuum dried by heating for ~15 - 40 min at 60 °C based on the time of
exposure of film to solvent. Usually, heating was done until dried film weight was almost same
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as the pre-annealed film. The dried sample was also weighed in order to verify if there is weight
loss during vacuum drying. This weight was used for calculating weight gain after solvent
annealing for next time interval. This procedure was followed for obtaining weight gain at
different time intervals until the weight gain in % became almost constant.

3.4 Results and Discussion
Table 3.2 summarizes the time evolution of the percent weight increase of the bulk films
during solvent vapor annealing in three unique solvents. According to Equation 3.4, the
diffusivity of the solvent vapor in the BHJ film can be determined from the slope of the first few
points on each curve satisfying the condition Mt/M < 0.6. After applying equation 3.5, the
corrected diffusivity is also calculated. Based on the data presented in Table 3.2, the
PCPDTBT:PCBM film will absorb ~14%, ~5% and 8% of their weight when exposed to the
solvent vapor of BB, CP and ODCB respectively. This is understandable based on the solubility
of PCPDTBT in these solvents as shown in Table 3.1, where BB is the best solvent, ODCB is
still a good solvent and CB is a poor solvent. The thickness of the bulk films prior to exposure to

Table 3.2. Weight% increase of the PCPDTBT:PCBM film with exposure time to solvent vapors
for three solvents.

1-Bromobenzene

2-Chlorophenol

o-Dichlorobenzene

Time (hr)

Wt% increase

Time (hr)

Wt% increase

Time (hr)

Wt% increase

0
0.0833
0.25
0.5
1
2
5
8
23.9
44.5
60.3

0
2.05
4.33
5.54
7.88
11.57
12.73
13.62
13.73
13.77
13.88

0
0.25
0.5
1
2
5
7
10
11.75
21.6
40.2
43.2
70.67

0
0.6
1.16
1.63
2.09
3.13
3.7
4.18
4.26
4.71
5.25
5.33
5.39

0
0.0833
0.25
0.5
1
2
5
7
9
12.85
62.2

0
0.97
1.74
2.96
4.08
5.36
7.05
7.8
8.27
8.38
8.47
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the ODCB, CP and BB solvent vapors were 0.37 mm, 0.27 mm and 0.26 mm respectively. The
increase in thickness with solvent vapor exposure was approximately 10% for all samples. Figure
3.3 shows the weight increase of the film on exposure to the vapor of BB, ODCB and CP. Based
on the slope of the initial absorption rate as shown in Figure 3.4, 𝐷𝑣 for the vapor of BB, ODCB
and CP are 4.34*10-9 m2/hr 5.97*10-9 m2/hr and 1.04*10-9 m2/hr. Assuming fixed film thickness,
𝐷𝐴𝐵 for BB, ODCB and CP are 3.52*10-9 m2/hr, 4.84*10-9 m2/hr and 0.84*10-9 m2/hr
respectively. It appears that the poor solubility of PCPDTBT in CP dramatically limits the
diffusion of the solvent vapor into the BHJ film. On the other hand, the modest solubility of
PCPDTBT and/or PCBM in ODCB and BB provides a mechanism for the relatively unhindered
diffusion of solvent vapor into the BHJ film for these two solvent vapors. Although the similar
solubility of PCPDTBT and PCBM in ODCB appears to provide a slight increase in the diffusion
rate of this solvent into the BHJ film relative to that of the BB vapor.
According to Equation 3.4, the time needed for the solvent vapor to diffuse across a film
is proportional to the square of film thickness. The thickness of the bulk film that is used to
monitor the vapor diffusion is several thousand times thicker than the thin film that is used in
polymer based solar cells. Thus, assuming a film thickness of 200 nm for an active layer in an
polymeric solar cell, the time needed for BB, CP or ODCB to diffuse across this film and
saturate it will be much less than a second (a few hundredths of a second for CP and a few
thousandths of a second for ODCB and BB). Hence, the time required for diffusion across this
thin film is low. Thus any time dependence of the morphology development that occurs during
solvent vapor annealing is not the result of the rate at which the solvent saturates the thin film,
but rather is the evolution of the morphology in the presence of the solvent. These results also
provide a quantifiable measure of how much solvent resides in these saturated active layers
during solvent vapor annealing.
Previous results in our group show that the morphology and performance of an OPV
active layer will evolve with solvent vapor annealing time, and thus we sought to monitor the
time evolution of the OPV performance with solvent vapor annealing time. As our previous
results show that annealing in BB solvent vapor reduces the efficiency of the polymer based
photovoltaic films with annealing

[26]

, we focused on the systems that are annealed in CP and

ODCB solvent vapor only.
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Figure 3.3. Increase in the mass of a PCPDTBT:PCBM thick film with vapor annealing time on
exposure to BB, ODCB, or CP solvent vapor.
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Figure 3.4. Increase in the mass of PCPDTBT:PCBM thick films with vapor annealing time with
exposure to BB, ODCB, or CP solvent vapor.
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Figure 3.5 shows the change in the UV-Vis measurements of PCPDTBT:PCBM films
that are annealed in CP solvent vapor, exhibiting a modest peak shift that indicates a slight
change in polymer orientational ordering. However, the peak intensity drops with annealing
time. It is difficult to explain the downward shift. It may be due to increase in disorder. The UVVis spectra of the sample that is annealed in ODCB vapor is shown in Figure 3.6, and shows a
slight red shift as annealing time progresses. The red shift may be ascribed to either an interchain

conjugation length and higher degree of ordering of the polymer chain.
The changes in the morphology of the samples as determined by EF-TEM are shown in
Figure 3.7. These results show that the sample that is annealed in ODCB is very well dispersed
does not after 1 hour of solvent vapor annealing, and shows a modest amount of PCBM
aggregation (yellow in the images) after 10 hours of solvent vapor annealing. The BHJ that is
annealed in CP vapor, however, shows much more structure with clear PCBM (blue) and
PCPDTBT (yellow) domains that evolve after 4 hours of solvent vapor annealing, and continue
to coarsen with further annealing time. This structural evolution may be attributable to the
increased mobility of PCBM because of the high solubility of PCBM in CP, relative to that in
ODCB.
In order to correlate the effect of solvent annealing on efficiency of solar cells, the current
voltage characteristics of the BHJ as a function of solvent vapor annealing times were measured.
These results are presented in Tables 3.3 and Table 3.4, which indicate that there is a significant
increase in power conversion efficiency with solvent vapor annealing time for both solvents, but
that the increase is more dramatic in the sample that is annealed in CP vapor. Closer inspection
of the data shows that the VOC in all cases are nearly same ~0.6V, but that the increase in
performance is due to the slightly higher JSC and FF of the sample that is annealed in the CP
vapor relative to the one that is annealed in the ODCB vapor. As the presence of CP leads to
formation of larger PCBM domain and the presence of ODCB leads to polymer ordering, it may
be concluded that PCBM aggregation is more important than polymer ordering.
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Figure 3.5. UV-Vis spectra for PCPDTBT:PCBM film solvent annealed in 2-CP vapor.
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Figure 3.6. UV-Vis spectra for PCPDTBT:PCBM film solvent annealed in ODCB vapor.
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900

Figure 3.7. Time evolution of the EF-TEM images PCPDTBT:PCBM BHJ systems that are
annealed in CP and ODCB solvent vapor. The PCPDTBT is blue in these images while the
PCBM shows up as yellow.
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(a) EF-TEM microscopic image of the

(b) EF-TEM microscopic image of the

PCDPTBT:PCBM BHJ thin film that

PCPDTBT:PCBM BHJ thin film that

is annealed for 1 hr in ODCB vapor.

that is annealed for 2 hr in ODCB vapor.

(c) EF-TEM microscope image of the

(d) EF-TEM microscopic image of the

PCPDTBT:PCBM BHJ thin film that

PCPDTBT:PCBM BHJ thin film that

is annealed for 10 hr in ODCB vapor.

that is annealed for 1 hr in CP vapor.

Figure 3.7 continued.
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(e) EF-TEM microscopic image of the

(f) EF-TEM microscopic image of the

PCPDTBT:PCBM BHJ thin film that

PCPDTBT:PCBM BHJ thin film that

is annealed for 4 hr in CP vapor.

is annealed for 10 hr in CP vapor.

Figure 3.7 continued

47

Table 3.3. Time evolution of the I-V characteristics for the BHJ that is annealed in ODCB
vapor.

Annealing time (in hr)

JSC (in mA)

VOC (in V)

FF

PCE (in %)

0

6.87

0.6

0.48

1.98

0.5

6.32

0.59

0.51

1.91

1

7.14

0.59

0.51

2.16

2

6.36

0.59

0.51

1.92

5

8.51

0.59

0.51

2.71

10

9.15

0.59

0.51

2.92

Table 3.4. Time evolution of the I-V characteristics of the BHJ that is annealed in the CP vapor.
Annealing time (in hr)

JSC (in mA)

VOC (in V)

FF

PCE (in %)

0

6.87

0.6

0.48

1.98

0.5

8.57

0.61

0.62

3.25

1

10.3

0.61

0.57

3.59

2

8.67

0.61

0.62

3.28

5

10.8

0.61

0.58

3.84

10

11.5

0.61

0.58

4.05
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3.5 Conclusion
The results in this chapter show that it takes less than a second for solvent vapor to
diffuse across and saturate the OPV active layer thin film, but that the morphology and
performance of the active layer evolve for hours during solvent vapor annealing. In the systems
that are studying, the desired time for solvent annealing for optimized efficiency appears to be
between 5-10 hours. This proves that change in film morphology progresses slowly over time.
As CP annealed BHJ performs better than ODCB annealed system, it can be concluded that
PCBM aggregation is more important than polymer ordering. Exposure of film to 2 successive
solvents with preferential solubility to PCBM and PCPDTBT may be an interesting method to
provide further control of the structure of the BHJ film and may further improve the power
conversion efficiency. Structural analysis using small angle neutron scattering would also be
interesting to provide additional structural information of the morphology evolution that occurs
with solvent vapor annealing.
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Chapter 4

Effect of Including Clay in PEDOT:PSS Thin Films on its
Structural and Electronic Properties

4.1 Background
In the final project, the impact of clay loading in a conducting polymer thin film has been
studied and linked to the morphology of conducting pathways. The conducting polymer under
consideration in this project is PEDOT:PSS (Poly(ethylenedioxythiophene):polystyrene
sulphonate). PEDOT:PSS is an electrically conducting polymer that is used primarily as hole
transport layer in organic optoelectronic devices (solar cells, light emitting diodes etc.) on the top
of

the

anode.[82]

Other

applications

for

PEDOT:PSS

include

antistatic

coatings,

electroluminescent devices (as a transparent conductor), capacitors (as conducting layer),
sensors, transistors,[83] write-once read-many-times (WORM) memory,[84] neuroprostheses,[85]
and as a substitute for Indium Tin Oxide (ITO) as an anode.[86] PEDOT:PSS has high electrical
conductivity (~e.g. 1 Scm-1 for PEDOT:PSS = 1:2.5),[87] optical transparency (75% for visible
light)[86] and thermal stability. Because PEDOT has low solubility in many solvents, it is
combined with the water soluble polyelectrolyte, poly(styrene sulfonated) (PSS), thus making
PEDOT:PSS processable.[88] The ionomer, PSS, also works as a charge balancing dopant. Figure
4.1 illustrates the doping of PEDOT by the PSS. It is believed that PEDOT:PSS films have two
phases: a PEDOT rich phase distributed in the surrounding PSS phase, producing a granular
morphology.[89] In their as-cast state, previous results show that these conducting films consists
of PEDOT:PSS in coiled, linear or expanded coil conformations.[87] It is believed that the
PEDOT/PSS (PEDOT rich phase) domains have a diameter that is ≥ ~20 Å,[90-93]
compressed/flattened [94] and separated by a PSS layer whose thickness varies based on the ratio
of PEDOT to PSS. It is also believed that the top layer of the film differs from that of the bulk,
with a higher PSS content on top,[88,

95]

where this layer has a thickness of ~10 Å for a

PEDOT:PSS with a 1:6 PEDOT:PSS ratio.[95] The charge transport in the PEDOT:PSS film is
given by Equation 4.1[96]
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1

σ=

T 2
σ0 exp[− (T ) ]
0

(4.1)

3.5
The conductivity pre-factor σ0 ~ cPEDOT
where cPEDOT is the weight fraction of PEDOT in the

PEDOT:PSS. In Equation 4.1, T is the temperature, T0 is the characteristic temperature of
PEDOT:PSS, and σ0 is the conductivity pre-factor. It has also been found that the transport
properties of the PEDOT:PSS film can be best described by variable range hopping (VRH)
conduction through a percolation network of quasi-1D filaments.[97] This suggests that the
current in a PEDOT:PSS film flows through

quasi-1D PEDOT rich filaments which are

embedded in a PSS rich matrix. Between these filaments, the charges must hop from one
filament to another. Furthermore, the hopping sites may be single or aggregated PEDOT
oligomers along an extended PSS chain.[97] The out-of-plane conductivity, α of PEDOT:PSS thin
films has been described phenomenologically by the function
α ~ [e

d
[( 0 )1/2 ]
d

−1

+ Rs]

(4.2)

where d is the diameter of a circular film, d0 is a characteristic length scale of the PEDOT:PSS
film, which is 100 μm for PEDOT:PSS with a 1:6 composition and Rs ~ 6 Ω is a series resistance
that accounts for the contact resistance between the electrode and the PEDOT:PSS.[98]

[99]

Figure 4.1. PSS(top) and PEDOT(bottom) in PEDOT:PSS film.
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In order to improve the mechanical and barrier properties of polymer films, nanoscale
clays have been introduced into the polymer. [100-109] Among various clay types, Montmorillonite
(MMT) clay is a commonly studied clay, as it is easily exfoliated. MMT is a clay mineral
consisting of stacked silicate sheets (thickness ~ 1 nm) with high aspect ratio and plate-like
morphology. Chemically, MMT consists of two fused silicate tetrahedral sheets sandwiching an
edge-shared octahedral sheet as shown in Figure 4.2. In the octahedral sheet, Al and Mg atoms
are present in octahedral sites, which coordinate to O atoms and hydroxyl groups, forming the
central layer of each clay sheet. In the tetrahedral sheet, Si and Al atoms occupy tetrahedral sites,
also coordinating to O atoms. The sheets have a permanent negative charge due to isomorphous
substitutions occurring mainly in the octahedral layer (e.g. Mg substituting Al in octahedral
sheet, Al substituting Si in tetrahedral sheet). The outer edge of the sheet has a positive charge,
though it is overpowered by the negative surface charge of the sheet and hence, has limited role
in aggregation.[110] The charges of the sheets are balanced by Na+ or Ca2+ cations intercalated
between the silicate layers. [111]. MMT sheets balanced by Na+ cations are most easily exfoliated
in water. Hence, Sodium Montmorillonite (Na+MMT-) clay is used in this experiment.

Figure 4.2. Schematic of Montmorillonite clay.[112]
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Inclusion of the clay in PEDOT:PSS may therefore limit the transport of water in the
PEDOT:PSS layer, which may improve the stability of the active layer in OPV solar cells where
PEDOT:PSS is the hole transport layer. However, the inclusion of the clay may detrimentally
impact the charge transport properties of the PEDOT:PSS, and therefore there is a need to
understand the impact of the presence of the clay on the conductivity of the resultant
nanocomposite. Therefore, experiments were completed to monitor the impact of the presence of
clay in PEDOT:PSS thin films on their electrical conductivity and as a barrier to water vapor.

4.2 Experiments
Materials - PEDOT:PSS (CLEVIOS 4083) was purchased from Heraeus and Sodium
Montmorillonite (Na+MMT-) clay was procured from Southern Clay. The ratio of PEDOT to
PSS in this material is 1:6. Solutions that were used to fabricate thin films consist of 1.3-1.7
wt% in water with pH in the range of 1.5-2.5. In a separate solution, the clay is dispersed in
water at 2.67 wt. %. To form the nanocomposite thin film, the PEDOT:PSS solutions was mixed
with diluted clay solutions such that the after drying, films were created with the clay wt.% with
respect to PEDOT:PSS of 0, 0.1%, 0.5%, 1%, 3%, 5%, 7% and 10%. The combined solution of
PEDOT:PSS and clay was ultrasonicated for ~3 hours before spin coating.
Electrochemical Impedance Spectroscopy (EIS) - The combined solution of PEDOT:PSS
and clay was spin coated onto a conductive grade ~1 in. × ~1 in. silicon wafer. The silicon
wafers were ultrasonicated with highly pure water, then acetone and finally with alcohol each for
~20 minutes before film deposition. Then, these cleaned wafers were ozonized using a UVOzone cleaner (UVO Cleaner 48) for ~15 minutes to remove residual organic contaminants. On
these cleaned wafers, rectangular bottom electrodes were vacuum deposited using a patterned
mask using Varian 3118. The bottom electrode consisted of a 5 nm layer of Ti on the wafer
which is further coated with a 50 nm layer of Au. Electrode deposition was then followed by
spin coating the PEDOT:PSS and clay thin film at 2000 rpm for 90 seconds. The thickness of the
PEDOT:PSS film was measured via Ellipsometry and determined to be ~70 nm. These films
were then annealed at 120°C for 15 min to evaporate any residual water. The electrode
dimensions of the top and bottom electrode are 1100 μm × 6100 μm. The gap between the
electrodes top of the film is 400 μm, which allows for in-plane measurement of the conductivity.
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Scanning electron microscopy (SEM) measurements – To image the dispersion of the
clay in the PEDOT:PSS, the PEDOT:PSS nanocomposite film was spin coated on a silicon
wafer. This wafer was then cut, air blown and glued to an SEM stub. The film did not require
additional sputtering before imaging because of the good electrical conductivity of PEDOT:PSS
films. A Zeiss Auriga SEM in the UT Microscopy Center was used to image the nanocomposite
dispersion.
X-ray diffraction (XRD) measurements - The PEDOT:PSS and clay nanocomposite film
was spin coated onto a cleaned silicon wafer at 2000 rpm for 90 seconds for XRD measurements.
A Philips X'Pert diffractometer was used in this experiment, where it was utilized in the grazing
incidence mode, which enables the efficient measurements of the local molecular ordering in thin
films. The range of angle scanned in these experiments was from 0° to 40°.
Humidity measurements – The thin nanocomposite films that were monitored by EIS
were subsequently heated for ~40 hrs at 120°C. Then, these nanocomposites that contain 0%,
0.1%, 5% and 10% clay were exposed to humidity in the range of 5%, 8%, 16%, 24% and 32%
relative humidity. To control the level of exposure to humidity, each film was kept inside a small
chamber (Linkam Stage LTS420) that contained probes which allowed the completion of the EIS
measurement in various environments. The humidity in this chamber was controlled by the
introduction of air with the targeted level of relative humidity (RH). The RH in the chamber was
monitored using Fluke 971 temperature humidity meter. The system was allowed to equilibrate
for approximately 2-3 minutes at each relative humidity before taking EIS measurements. In this
analysis, relative humidity was increased monotonically until 32% and was done in air.
Quartz Crystal Microbalance (QCM) - To monitor the uptake of water upon exposure to a
humid environment, quartz crystal microbalance measurements were completed. In these studies,
the PEDOT:PSS solutions with 0 or 10% clay were spin coated at 2000 rpm for 90s onto 5 MHz
quartz crystals. The oscillator, a SRS QCM 200 Controller, monitors the change in resonant
frequency of the quartz crystal, which is dependent on the change in mass of the film on the
crystal.

4.3 Results and discussion
The composition of the PEDOT:PSS used in this study has a 1:6 ratio of PEDOT:PSS by
weight as it was found earlier that the percolation required for high conductivity requires a
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PEDOT:PSS composition that is below 1:6 for thick films.[113] Another paper showed the
percolation threshold for PANI (polyaniline)-PSS composite is quite low and the percolation
threshold for polypyrrole coated on an insulating polymer is ~0.2 volume % for thin films with
thickness of 20 nm.[114] For thick films, the probability of percolation, however, is less compared
to thin films across the electrodes.
Further experiments also found that the simplest equivalent circuit that models the
electrical behavior of PEDOT:PSS films with varying amounts of clay consists of a pseudocapacitor and a resistor in parallel, which is in series with another pseudo-capacitor in parallel
with another resistor, as shown in Figure 4.3. This model was also used to model another solid
polymer electrolyte, although the relaxation processes are probably different in PEDOT:PSS.[115]
In another study, EIS monitored the behavior of a Pt/PEDOT:PSS electrode with Fe(CN) 6 as an
electrolyte. The model used in this work was also attempted to fit the data collected in this study,
but with very little success. Using previous studies as guidance, and taking into account the fact
that our system consists of conducting polymer PEDOT in association with a solid electrolyte
(PSS-Na+/PSS-H+), the simplest model circuit interpretation for circuit elements shown in Figure
4.3, is as follows. CPE1 corresponds to the film's capacitance created by interfaces between the
PEDOT rich phase and the PSS chains and also has contributions from the interface between the
clay platelet and the PEDOT rich phase.[116] Moreover, the interface between the negatively
charged clay or negatively charged PSS ion and the positively charged sodium ion may also lead
to capacitance. The constant phase element (CPE) also describes the capacitance of the
inhomogeneous film. R1 corresponds to film's resistance. CPE2 corresponds to the capacitance
related to the formation of a double layer at the film surface. CPE2 is another constant phase
element due to the non-uniformity of the double layer and R2 corresponds to the resistance at the
film surface, which is related to ion diffusion and charge transfer at this interface. This model is
required for all samples, including the pure PEDOT:PSS (i.e. 0% clay).[117] A Warburg diffusion
component, which corresponds to ion movement, was not included in the model as there was no
tail in the low frequency region and the range of frequency used to probe the system here was not
as low as in the previous papers.[113, 117] The lowest frequency probed here was 100 mHz, which
is sufficiently higher than the 1 mHz frequency probed in previous work. The lack of a low
frequency tail may also be attributed to the fact that a thin film (nm) was used here compared to
the thick films (m) examined in previous studies.[117]
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Figure 4.3. Equivalent circuit for the PEDOT:PSS + clay film.
The impedance corresponding to the CPE can be defined as Z() = Q−1 (j × )−n where
Q becomes equal to capacitance when n = 1. Similar to a capacitor, the CPE keeps the phase
constant with varying frequency, but the phase shift differs from 90°. The resistances or
capacitances of each circuit elements are graphed below in Figures 4.4-4.9. At each clay loading,
the values reported in these figures are the average of at least 3 different samples.
Previous studies have reported the in-plane conductivity of a PEDOT:PSS thin film at
room temperature (300 K) as 17 Sm-1[97] and ~8.5×10-3 Sm-1.[92] In the current experiment, the inplane conductivity of the PEDOT:PSS film without clay was found to be ~15×10-2 Sm-1. This
value is calculated from σ = Rwh/l, where R is the film resistance, w is the width of the electrode
in contact with film, h is the thickness of film, and l is the gap between the two electrodes.[113]
This variation could be because of the different thickness, dimension of electrode and gap
between electrodes. Moreover, in the previous work,[97] the electrodes used for the in-plane
conductivity measurement are at the film bottom, while in our experiment and in reference [92],
they are on the top of the film.
The data in Figure 4.4 shows that the film resistance doubles (from ~3.5×107 Ω to
~7.4×107 Ω) with the inclusion of 0.1% clay. This can be understood as due to an increase in
pathway length that an electron must take in order to transport between the electrodes with the
inclusion of the clay. Figure 4.10 illustrates the more tortuous pathway that is required due to the
presence of the clay. Interestingly, as the clay concentration is increased up to 5%, the resistance
varies only slightly, but continue to increase only above 5% clay loading. This is attributed to the
percolation behavior of polymer clay nanocomposites, where ~ 5% clay loading is defined as the
percolation limit. Below this limit, there exist open pathways for the electron to transport across
the film without encountering a clay particle. Above this limit, however, the percolation of the
clay nanoparticles introduces additional barriers to electron transport across the film. This
behavior is exemplified by the steady increase in resistance with an increase in clay loading to
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Figure 4.4. The change in PEDOT:PSS film resistance with clay loading.
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Figure 4.5. The change in the charge transfer resistance of the film interface with electrode with
variation of clay loading.
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Figure 4.6. Change in the film capacitance with variation of clay loading.
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Figure 4.7. Change in the double layer capacitance with a variation of clay loading.
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Figure 4.8. The change in the exponent corresponding to the phase change, n1 with a change in
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Figure 4.9. The change in the exponent corresponding to the phase change, n2 with a change in
the loading of clay.
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(a)

Clay platelet

PEDOT rich domain

(b)

Figure 4.10. (a) Schematic of PEDOT:PSS and clay thin film when viewed from the side (b)
Schematic of PEDOT:PSS and clay thin film when viewed from the top.

60

7% and 10%. The average charge transfer resistance across the film and at the electrode interface
doesn't vary appreciably with clay loading, though the uncertainty in the data is high (Figure
4.5). As per Figure 4.6, the film capacitance lies in the narrow range of 0.7-1 nF with little
variability with clay loading. Therefore, it can be concluded that the capacitance across the film
is independent of clay loading. The data in Figure 4.7 shows that the double layer capacitance
increases with clay loading from 0% to 0.5%, but decreases with increased clay loading up to
3%. On further increasing clay %, capacitance increases again. The large uncertainty in the data
at low clay loadings suggests that this trend is also consistent with a modest increase at the
lowest loadings, followed by a leveling off up to 5% clay, and a further increase at higher clay
loadings. This pattern is consistent with behavior that is dominated by the percolation of the clay.
The large variation in the double layer capacitance may be attributed to random deviation of the
clay platelets' presence near interface. Based on Figure 4.8 and Figure 4.9, values of n1 lies
between 0.9 and 1 for all samples, while the values of n2 lies between 0.8 and 0.9, both of which
indicate that the constant phase elements are behaving nearly as ideal capacitors.
It was difficult to fit the EIS data obtained when measuring the current across the film.
However, the resistances obtained from the low frequency intercept of Bode plots across the film
were mostly in the range of 2-5 Ω, which may be attributed to a combination of the contact
resistance and film resistance. Assuming an impedance of 3 Ω, the conductivity of the film (1.1
mm × 1.1 mm) across the plane is ~52 S/m. Moreover, the Bode plot for one electrode resembles
that of the current across the plane. In some cases, the resistance across the film was very high,
in the range of 100 kΩ to 100 MΩ, which may be attributed to the presence of large barriers to
transport between the electrodes. It is interesting that previous studies monitored the conductivity
across thin PEDOT:PSS films utilized films that were between 1 m-100 m,[98] suggesting that
out-of-plane conductivity measurements require samples that are less than 100 m in size. Given
that our samples do not fit this requirement, the out of plane data was not further analyzed.

4.3.1 Morphology of the PEDOT:PSS clay Nanocomposites
To verify the dispersion of the clay in the PEDOT:PSS, SEM and x-ray diffraction
experiments were completed. The SEM images of the measured PEDOT:PSS clay
nanocomposites for the samples with 0, 0.5, 1, 5, and 10% clay loadings is shown in Figure 4.11.
The scale bar in Figure 4.11(a) is 20 nm and any structural heterogeneity can be attributed to be
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Figure 4.11. SEM images of the PEDOT:PSS films containing various clay loadings.
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(a) The SEM image of the pure PEDOT:PSS (b) The SEM image of the PEDOT:PSS film
film.

(c) The SEM image of the PEDOT:PSS

containing 0.5 wt% clay.

(d) The SEM image of the PEDOT:PSS film

film containing 1% clay.

containing 5 wt% clay.

Figure 4.11 continued.
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(e) The SEM image of the PEDOT:PSS film
containing 10 wt% clay.

Figure 4.11 continued
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PEDOT rich domains and PSS rich domains. In Figure 4.11(b), the scale bar is 100 nm and while
there is modest contrast between the PSS and PEDOT, there is no indication of clay aggregates.
In Figures 4.11 (c), (d), and (e), the scale bar is 200 nm and both individual and small clay
aggregates are visible, with more aggregates visible at higher clay loadings. Analysis of these
images indicates that the approximate size of the platelets are ~200 nm × 200 nm, which is
similar to the dimensions reported in previous studies.[111] The SEM images shows that even
until 1% clay composition, clay platelets are almost in exfoliated state. PEDOT:PSS films with
5% and 10% clay loading show clay aggregation. However, as the SEM image gives information
about the surface only, X-ray diffraction is required to provide a more accurate measure of the
clay dispersion.
The x-ray diffraction plot of the pure clay and its nanocomposites with PEDOT:PSS at
loadings of 1 and 10% is shown in Figure 4.12. The pure clay diffraction plot shows a clear peak
at ~ 7°, which corresponds to a d-spacing of 12.6 Å. Figure 4.13 shows the diffraction patterns
of the four samples with a focus on the peak position, which shows that there is small peak at ~
6.4° corresponding to 13.9 Å d-spacing is evident for the sample with 10% clay loading. The
increased d-spacing could be attributed to intercalated clay platelets. The lack of peak for 1%
clay containing film is indicative of completely exfoliated clay platelets. Similar d-spacing have
previously been reported for unmodified clay.[101, 118, 119]

4.3.2 Barrier properties of the PEDOT:PSS Nanocomposites
Previous studies have shown that a primary cause of degradation of polymer solar cells
that incorporate PEDOT:PSS as a hole transport layer is water absorption by the hygroscopic
PEDOT:PSS layer.[18, 120] Similarly, a pure thin clay film has been considered as a barrier to the
diffusion of indium, oxygen and moisture between the PEDOT:PSS layer and the photoactive
layer.[121] Therefore, one of the goals of incorporation of the clay into the PEDOT:PSS layer is to
improve its barrier properties to gas diffusion esp. water vapor. Therefore, the impact of the
exposure of PEDOT:PSS thin films to humidity was also monitored. Because the resistance of
the films did not change much when varying the clay loading from 0.1% and 5%, the electrical
performance of the films containing clay loadings of 0, 0.1%, 5% and 10% were determined via
EIS with varying humidity. The parameters that derive from the analysis of the EIS data for these
4 samples with exposure to humidity are presented in Figures 4.14-4.18. Prior to exposure to the
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Figure 4.12. XRD plot of PEDOT:PSS film with 0%, 1%, 10% and 100% clay.
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Figure 4.14. Change in PEDOT:PSS bulk film resistance with relative humidity for
nanocomposites with 0%, 0.1%, 5%, and 10% clay loadings.

humidity chamber, the PEDOT:PSS nanocomposites were annealed at 120°C for ~40 hours
under partial vacuum to eliminate any residual water in the film. As shown in Figure 4.14, the
variation in the conductivity of the PEDOT:PSS films with clay loading mimic the behavior
displayed in Figure 4.4 i.e. the film resistance for the pure PEDOT:PSS film is the lowest, while
the film resistance of the nanocomposites with 0.1% and 5% clay are similar and slightly higher
than that of the pure film, and the resistance of the film with 10% clay is quite high. The
resistance for all the films has increased by an order of magnitude as a result of prolonged
annealing at 120 °C. This is contrary to the result obtained in other studies where the
conductivity increased as a result of annealing,[122,

123]

though the duration of the heating was

quite low in these previous studies, usually only minutes compared to the many hours here.
Moreover, the glass transition temperature of PSS is ~109 °C[124] which might lead to an increase
in an increase in PSS phase separation over these extended annealing times.
The results in Figure 4.14 show that increasing the relative humidity up to 25%, results in
a gradual increase in the resistance of the films with 0%, 0.1% or 5% clay, which is in agreement
with previous studies.[99, 122] This increase has been attributed to increase in distances between
PEDOT domains as a result of the swelling of the film by water uptake. However, the resistance
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of the 10% clay film changes very little with the increase in relative humidity. Upon increasing
the relative humidity to > 30%, the resistance of the pure PEDOT:PSS film increases by an order
of magnitude, whereas the resistance of all clay containing nanocomposite films decrease. The
increase in the resistance of pure PEDOT:PSS film may be attributed to the reduction in the
number of percolating [PEDOT] pathways that are possible due to the swelling of the PSS. For
clay containing nanocomposite films, the reduction of resistance may be the result of the
participation of ions from clay in the conduction process, which may be induced by the
exfoliation of clay aggregates by additional water present in the thin film.
The data in Figure 4.15 indicates that the charge transfer resistance increases with clay
loading in each film up to 25% relative humidity (RH). Moreover, the charge transfer resistance
increases gradually with relative humidity for the 0, 0.1% and 5% clay loaded films up to 25%
RH. Similar to the resistance data shown in Figure 4.14, above 30% RH, the charge transfer
resistance for the pure PEDOT:PSS film increases significantly, while it decreases slightly for all
of the nanocomposite films. This behavior is consistent with the explanation described above,
i.e. the increase in the charge transfer resistance of the pure PEDOT:PSS film is attributed to

Charge transfer resistance

reduced amount of PEDOT domains in contact with electrode due to swelling by water.
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Figure 4.15. Change in PEDOT:PSS charge transfer resistance with relative humidity for
nanocomposites with 0%, 0.1%, 5%, and 10% clay loadings.
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The data presented in Figure 4.16 shows that the film capacitance remains nearly constant
with clay loading and exposure to a humid environment, which is a similar trend to that which
was observed in Figure 4.6. However, as in Figure 4.14 and 4.15, this data shows that the
electrical behavior of the pure PEDOT:PSS sample changes dramatically when exposed to a RH
that is greater than 30%. This decrease of capacitance is also consistent with an increased
distance between PEDOT rich domains due to swelling.
It is difficult, however, to explain the dependence of the double layer capacitance with
relative humidity as shown in Figure 4.17. This data shows that the double layer capacitance
increases for 0.1% clay loading, but decreases below that of the pure PEDOT:PSS film for the
5% and 10% clay loaded samples, but changes little with exposure to humidity. One explanation
may be that there is a random distribution of clay near the surface irrespective of clay loading.
The data presented in Figure 4.18 shows that the values of n1 for all samples and all
humidity levels are in the range of 0.95-1, indicating that these films are nearly behaving as ideal
capacitors. The values of n2 are also in the range of 0.79-0.83 for all the 0.1% and 5% clay
nanocomposite films at all relative humidities, while the 10% clay nanocomposites shows an n2
value of 0.85-0.95 for all humidities. As observed in previous parameters, the pure PEDOT:PSS
film that is exposed to > 30 % relative humidity exhibits a different response, n2 is 0.63.
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Figure 4.16. Change in PEDOT:PSS film capacitance with relative humidity for nanocomposites
with 0%, 0.1%, 5%, and 10% clay loadings.
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Finally, the time response of the PEDOT:PSS thin films and the clay nanocomposites to
an applied pulse of humidity was monitored. In this experiment, a pulse of humidity is
introduced into the measurement chamber for ~20 minutes followed by a ~80 minutes delay
before the next pulse. The magnitude of humidity pulse increases with each consecutive
humidity pulse as shown in Figure 4.19.

Figure 4.19. Time evolution of the humidity in the pulsed sequence.

The change in the mass of the pure PEDOT:PSS and the 10% clay PEDOT:PSS
nanocomposite was monitored during this humidity sequence, where these results are shown in
Figure 4.20. The resistance of these two films was also followed as a function of the exposure to
humidity, where this data is shown in Figure 4.21. Figures 4.20 and 4.21 show that the mass and
resistance of both films increases with exposure to humidity for both films. It is surprising that
the relative increase in the mass of the 10% clay film is greater than that of the pure PEDOT:PSS
film during the humidity pulse. It is interesting, however, that the mass of the 10% clay loading
nanocomposite decreases to a lower value than the pure film, suggesting that the water is not
able to penetrate the film as thoroughly in the nanocomposite film. Another surprising result was
that the relative increase in resistance is higher in the 10% clay film. It is difficult to explain
these observations. Further experiments may be conducted with varying humidity pulses in order
to more thoroughly understand these results.
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Figure 4.20. Mass change of the PEDOT:PSS thin film and 10% clay nanocomposite with time
due to the introduction of humidity.

Figure 4.21. Resistance change with time due to humidity.
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4.4 Conclusion
As the weight of PEDOT:PSS increases by ~20%[123] from exposure to an ambient
environment, incorporating clay into the film could be an effective solution that will improve the
longevity of electronic devices that incorporate of PEDOT:PSS films. The results reported in this
chapter show that the incorporation of clay in the PEDOT:PSS films up to ~ 5% does not alter
the resistance of the film appreciably. This may be due to the fact that the percolation limit of the
clay platelets is around 5%, where an increase in clay aggregation is observed at 10% with XRD.
The data also show that the film resistance increases with humidity for all the films studied up to
25% relative humidity. The importance of the clay, however, becomes clear when the humidity
increases above 30%, where the pure PEDOT:PSS film shows a dramatic decline in performance
and that this is not observed in the PEDOT:PSS clay nanocomposite thin films. Film capacitance
and double layer capacitance behaved nearly as an ideal capacitor irrespective of clay loading.
Film capacitance varied negligibly with clay loadings. PEDOT:PSS film with 10% clay loading
showed less water absorption with humidity pulses. Further mechanical tests of the film can
provide additional insights into the effect of clay and relative humidity on the change in the
mechanical strength and film flexibility with clay inclusion.
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In the images corresponding to small angle neutron scattering (SANS) fit, blue color
corresponds to thermally annealed bulk heterojunction (BHJ) sample and maroon color

I(q) (cm-1)

corresponds to as-cast sample.

q (Å-1)

Figure A.1. SANS fit for P-CTD-BBDT(C12) based BHJ at large length scale.
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Figure A.2. SANS fit for P-CTD-BBDT(C12) based BHJ at small length scale.
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Figure A.3. SANS fit for P-CTD-BBDT(EH) based BHJ at large length scale.
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Figure A.4. SANS fit for P-CTD-BBDT(EH) based BHJ at small length scale.
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Figure A.5. SANS fit for P-CTD-BDT(C12) based BHJ at large length scale.
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Figure A.6. SANS fit for P-CTD-BDT(C12) based BHJ at small length scale.
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Figure A.7. SANS fit for P-CTD-BDT(EH) based BHJ at large length scale.
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Figure A.8. SANS fit for P-CTD-BDT(EH) based BHJ at small length scale.

q (Å-1)

Figure A.9. SANS fit for P-TID-BDT(EH) based BHJ at large length scale.
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Figure A.10. SANS fit for P-TID-BDT(EH) based BHJ at small length scale.
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Figure A.11. SANS fit for P-TPD-BDT(EH) based BHJ at large length scale.
92

I(q) (cm-1)

q (Å-1)

Figure A.12. SANS fit for P-TPD-BDT(EH) based BHJ at small length scale.
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